Atomic cooling haloes with virial temperatures T vir ≥ 10 4 K are the most plausible sites for the formation of the first galaxies and the first intermediate mass black holes. It is therefore important to assess whether one can obtain robust results concerning their main properties from numerical simulations. A major uncertainty is the presence of turbulence, which is barely resolved in cosmological simulations. We explore the latter both by pursuing high-resolution simulations with up to 64 cells per Jeans length and by incorporating a subgrid-scale turbulence model to account for turbulent pressure and viscosity on unresolved scales. We find that the main physical quantities in the halo, in particular the density, temperature and energy density profile, are approximately converged. However, the morphologies in the central 500 AU change significantly with increasing resolution and appear considerably more turbulent. In a systematic comparison of three different haloes, we further found that the turbulence subgrid-scale model gives rise to more compact central structures, and decreases the amount of vorticity. Such compact morphologies may in particular favor the accretion onto the central object.
INTRODUCTION
The nonlinear interplay of gravity, fluid dynamics, and radiative cooling lies at the heart of the continuing challenge to predict the properties of the first astrophysical objects of the universe. Scale separation, which is one of the most important prerequisites for robust analytic or numerical calculations, does not apply: whereas the kinetic energy budget is dominated by large-scale modes, fragmentation and cooling instabilities grow fastest on those scales with the strongest density fluctuations, i.e., those close to the Jeans scale. In order to capture the relevant degrees of freedom, grid-based hydrodynamical simulations employ adaptive mesh refinement over many orders-of-magnitude.
In addition to the masses and multiplicity of the first stars, the question of whether and when supermassive black holes (SMBH) can form by direct collapse of a primordial gas cloud belongs to the key topics of current research (Oh & Haiman 2002; Bromm & Loeb 2003; Spaans & Silk 2006; Begelman et al. 2006; Dijkstra et al. 2008; Djorgovski et al. 2008; Shang et al. 2010; . Massive primordial haloes assembled at redshifts 10-15 are the plausible sites to host the first galaxies formed at the end of cosmic dark ages. They are also potential candidates for the formation of intermediate mass black holes through direct collapse (Rees 1984 The first stars, on the other hand, are expected to form in socalled minihalos with 10 5 −10 6 M ⊙ (Abel et al. 2002; Bromm 2004; Yoshida et al. 2008) . In a recent study, Turk et al. (2012) found that an increased resolution per Jeans length results in non-convergence of global properties. They discovered that enhanced Jeans resolution produces higher infall velocities, increased temperatures as well as decreased content of molecular hydrogen. As convergence has not been achieved even at the highest resolutions, major uncertainties are present concerning the expected accretion rates, temperature distributions and the fragmentation behavior. It is therefore important to assess whether similar restrictions apply to other systems, in particular the so-called atomic cooling haloes. In the study presented here, we therefore assess the convergence behavior employing numerical simulations with a resolution of 16, 32 and 64 cells per Jeans length. We focus on halos exposed to strong Lyman Werner radiation, as these are the candidates for black hole formation via direct collapse. We note that these are the highest resolution studies to date, with previous studies typically employing a resolution of 16 cells per Jeans length (Wise et al. 2008; Regan & Haehnelt 2009; Shang et al. 2010 ).
The need for high-resolution investigations has been previously derived in different contexts. In particular, Federrath et al. (2011) reported that the turbulent energy as in collapsing gas clouds converges only for a resolution of at least 32 cells per Jeans length. The turbulent energy in these clouds is released from the gravitational potential, due to the initial deviations from spherical symme-try (Hoyle 1953; Scalo & Pumphrey 1982; Klessen & Hennebelle 2010; Elmegreen & Burkert 2010) .
It is well known from the field of contemporary star formation that turbulence has important implications for the density PDF, clump statistics, and angular momentum transport in gravitationally unstable gas clouds (e.g., (Larson 1981; Mac Low & Klessen 2004; McKee & Ostriker 2007; ). During high-redshift structure formation, turbulence was shown to play a major role in so-called minihalos. In particular, it regulates the angular momentum transport and delays the formation of a disk (Abel et al. 2002; Bromm 2004; Yoshida et al. 2008 ), but also influences the fragmentation behavior Smith et al. 2011; Greif et al. 2012) . In more massive halos, the presence of turbulence was reported by Greif et al. (2008) and Wise et al. (2008) . While the implications were not explored in detail, it is expected that it can influence the formation of intermediate mass black holes through its impact on disk formation and the angular momentum distribution. We note that the presence of disks is a central assumption in direct collapse models (Koushiappas et al. 2004; Begelman et al. 2006; Lodato 2007; Begelman & Shlosman 2009) , and an efficient means of angular momentum transport is generally required to allow the formation of a massive central object. Begelman & Shlosman (2009) therefore invoked the presence of nested bar-like instabilities to provide sufficient means for angular momentum transport. While our simulations do not exactly support this generation mechanism, they show that turbulence is efficiently produced during gravitational collapse. Such turbulence will not only influence angular momentum transport, but also amplify existing weak magnetic fields via the small scale dynamo (Kazantsev 1968; Subramanian 1998; Brandenburg & Subramanian 2005; Sur et al. 2010; Federrath et al. 2011; Turk et al. 2012; . The enhanced magnetic field strength could exert an additional pressure, and further contribute to the angular momentum transport. More importantly, this initial growth via the small-scale dynamo provides a strong initial field on which the ff − Ω dynamo can act to produce the coherent fields observed today (Beck et al. 1996; Arshakian et al. 2009 ).
We note that an accurate modeling of turbulence not only requires high numerical resolution, but also a consistent treatment of the unresolved scales. For this purpose, we explore the implications of a turbulence subgrid-scale (SGS) model for the turbulent kinetic energy (Maier et al. 2009; Iapichino et al. 2011; Schmidt & Federrath 2011) . Its main features are non-ideal terms in the fluid equations produced by an effective turbulent viscosity, an effective turbulent pressure, and fully time and space dependent dissipation of turbulent kinetic energy into thermal energy. All of these terms make order unity contributions for transonic flows, which is the case here. In this study, we therefore employ highresolution studies of massive halos to explore their central properties. A central question is in particular for which properties convergence can be achieved, which is directly relevant for the direct collapse scenario concerning the formation of intermediate mass black holes.
Our paper is organized as follows. In the next section, we describe the simulation setup and the numerical methods employed. In the 3rd section of the paper, we present the results obtained in this study. In the last section of this article, we summarize our main results and confer our conclusions.
NUMERICAL METHODS AND SIMULATION DETAILS
A modified version of the Enzo code including the subgrid-scale model for unresolved turbulent fluctuations (see below for a description) has been used to perform the simulations presented in this work. Enzo is an adaptive mesh refinement (AMR), parallel, grid-based cosmological hydrodynamics code (O'Shea et al. 2004; Norman et al. 2007 ). It can run on massively parallel systems and has been used for a wide variety of astrophysical applications. The message passing interface (MPI) is used to achieve portability and scalability on different systems. The computational domain is discretized into nested grid cells. It has two exchangeable grids, a uniform grid and a block-structured adaptive grid. We use a split hydro solver with a 3rd order piece-wise parabolic (PPM) method for hydrodynamical calculations. The dark matter N-body dynamics is solved using the particle-mesh technique. A multigrid Poisson solver is employed for the self-gravity computations.
Initial conditions
The simulations are started with the cosmological initial conditions generated from Gaussian random fields. We employ the inits package available with the public version of the Enzo code to create nested grid initial conditions. Our simulations start at redshift z = 99 with a top grid resolution of 128 3 cells and we select the massive halo at redshift 15 using the halo finder of Turk et al. (2011) . Two initial nested levels of refinement are subsequently added each with a resolution of 128 3 cells. Our simulation box has a cosmological size of 1 Mpc h −1 and is centered on the massive halo. In total, we initialize 6291456 particles to compute the evolution of the dark matter dynamics and have a final dark matter resolution of 300 M Θ . While our dark matter halo is thus well-resolved, we note that additional fluctuations could be present in case of a higher resolution in dark matter. The parameters for creating the initial conditions and the distribution of baryonic and dark matter components are taken from the WMAP seven years data (Jarosik et al. 2011) . We further allow additional 27 levels of refinement in the central 62 kpc region of the halo during the course of simulation. It gives us a total effective resolution of 3 AU in comoving units. The resolution criteria used in these simulations are based on the Jeans length, the gas over-density and the particle mass resolution. The grid cells matching these requirement are marked for a refinement.
The simulations conducted in this work mandated the Jeans length resolution of 16, 32 and 64 cells throughout their evolution. This criterion was applied during the course of simulations to ensure that all physical processes like shock waves and Truelove criterion (Truelove et al. 1997 ) are well resolved. We stop the simulations after they reach the maximum refinement level and start to violate the Jeans criterion. The results at later stages would not be reliable. 3 in units of J 21 is used in the simulations. We presume that such flux is generated from a nearby star forming halo (Dijkstra et al. 2008) and is emitted by Pop III stars with a thermal spectrum of 10 5 K. We include several cooling and heating mechanisms like collisional ionization cooling, radiative recombination cooling, collisional excitation cooling, H 2 cooling as well as H 2 formation heating. The chemistry solver used in this work is a modified version of Abel et al. (1997) ; Anninos et al. (1997) .
Chemistry
We note that for columns above 10 22 cm −2 , the gas becomes optically thick to Lyman α photons, providing a potential complication for the further evolution. In fact, Spaans & Silk (2006) suggested that the latter may effectively stop the cooling and provide a transition to an approximately adiabatic regime. The latter was explored in detail by , finding that at this point, additional processes become relevant, including the two-photon decay (2s-1s transition) and H − formation cooling. Effectively, the temperature evolution is then very close to the evolution obtained from optically thin Lyman α cooling. We also note that for a stellar spectrum of 10 5 K H 2 is mainly dissociated by the Solomon process while for the stellar spectrum of 10 4 K the main dissociation route is H − (Shang et al. 2010; Wolcott-Green et al. 2011) . In principle, one would of course expect the presence of both contributions. The details of these processes however would not matter as long as H 2 is efficiently dissociated.
SGS turbulence Model
Due to the high Reynolds numbers relevant for astrophysical systems, it is not possible to resolve all scales down to the dissipative scale even with adaptive mesh refinement techniques. Turbulence cascades from coarser grids corresponding to large scales down to the center of the structure forming haloes without being properly accounted for. In engineering and many other disciplines of computational fluid dynamics subgrid scale turbulence models are used to represent the effect of unresolved turbulence on resolved scales. The unresolved turbulence has gained lot of interest in astrophysical simulations (Scannapieco & Brüggen 2008; Oppenheimer & Davé 2009; Maier et al. 2009 ). To compute the unresolved turbulence on grid scales in our simulation, we use the subgrid scale (SGS) turbulence model by . This SGS model is based on a mathematically rigorous approach separating the resolved and unresolved scales, and connecting them via an eddy-viscosity closure for the non-linear energy transfer across the grid scale. The turbulent viscosity is given by the grid scale and the SGS turbulence energy, i. e., the kinetic energy associated with numerically unresolved turbulent velocity fluctuations. The equations for compressible fluid dynamics are decomposed into resolved (large scales) and unresolved (small scales) parts using the filter formalism proposed by Germano (1992) in terms of density weighted quantities. Applying the filtering mechanism to the fluid equations and solving them in comoving coordinate system, we obtain Maier et al. 2009 ):
(4)
here a is the scale factor and the quantities with˜are the comoving gas density, velocity and pressure etc. σ i j is the viscous stress tensor, q is turbulent velocity, λ describes the effect of unresolved pressure fluctuations, ǫ accounts for the dissipation of kinetic energy and η is the dynamic viscosity. Equations (1-3) are the mass, the momentum and the energy conservation equations. Equation (4) solves the evolution of SGS turbulent energy (e t ). The quantities D, λ, ǫ, Γ andτ(ν i , ν j ) are unknowns and are computed in terms of closure relations, i.e., functions of the filtered flow quantities and the turbulent energy. The expressions for the closure terms are the following:
where
Further details and numerical validations of the applied closures are given in dedicated studies of and Maier et al. (2009) and are beyond the scope of this article. For our simulations, the coefficients of the model are calibrated against subsonic compressible turbulence simulations, comparable to the regime in our simulations (see . To apply the SGS model in cosmological AMR simulations, the method of adaptively refined large eddy simulations is employed (Maier et al. 2009 ). Since SGS turbulence energy depends on the grid scale, which varies on adaptive meshes, energy must be exchanged with the numerically resolved velocity field when the grid is refined or de-refined. This is achieved by assuming the Kolmogorov two-thirds law for the scaling of the turbulent velocity fluctuations. As long as the turbulence is subsonic and nearly isotropic locally, this is a reasonable assumption. In contrast, the method used by Gray & Scannapieco (2011) does not calculate the turbulence energy on the grid scale, but the energy associated with a characteristic length scale of buoyant bubbles. Our SGS model completely neglects gravity on unresolved length scales and assumes the turbulent cascade from larger resolved scales as the dominant source of unresolved turbulence (for the effects of buoyancy on subgrid scales, see also ). Of course, this requires that turbulence is sufficiently resolved. The different resolutions considered in this study allow us to estimate biases from scale separation between the production of turbulence by gravity and the grid scale. 
RESULTS

Resolution comparison
In this study, we have performed simulations resolving the Jeans length by 16, 32 and 64 cells (hereafter called J 16 , J 32 , J 64 respectively) and compared the results with SGS turbulence model. The properties of the halo for different Jeans resolutions with and without the SGS turbulence model are shown in figure 1. The results are examined for the same peak density (i.e., 10 −11 gcm −3 ). The averaged density radial profiles for all the cases are depicted in the top left panel of figure 1 . The density profiles show almost R −2 behavior according to the expectation of a isothermal collapse. The bumps in the density profile for J 16 and J 32 cases indicate the presence of under-resolved density clumps in the vicinity of the central object. The overall density profiles agree well for different resolutions.
The top right panel of figure 1 shows the averaged temperature radial profiles. It can be noticed that for all the cases the halo is heated up to its virial temperature and then cools by atomic line cooling. The temperature in the center of the halo remains about 7000 K. This shows that thermal properties of the halo are independent of resolution as well as SGS turbulence. The total energy for different Jeans resolutions and SGS turbulence cases is shown in the bottom left panel of figure 1 . The value of total energy increases at larger radii and becomes almost constant with a value of 3 × 10 12 erg/g in the center of a halo. It is worth noting that these quantities are approximately converged, and do not depend strongly on the subgrid-scale model. Unlike in minihaloes, the results of such systems are thus likely more robust, as the thermal evolution is close to isothermal and less sensitive to minor changes in the dynamics.
While the total energy is roughly the same for the three runs without SGS model, we see a non-monotonous behavior with resolution if the SGS model is applied. However, by considering the morphology of the halo in figure 2, it becomes clear that there are only little or no turbulent structure in the lower-resolution runs. For J 16 , turbulence is definitely under-resolved, while J 32 could be an intermediate case. Consequently, the turbulent cascade cannot be sufficiently resolved in these runs. For the highest resolution case (i.e., J 64 ), the structure inside the halo appears to be well resolved. The central region of a few hundred AU in size has become highly turbulent and clumpy. The turn-around in the trend for the total energy profiles indicates that Kolmogorov-like turbulence begins to be resolved for J 64 . This is plausible because the scale separation between the production of turbulence by gravity and grid scale is almost two decades, but the lower decade is strongly affected by numerical viscosity.
Our results are also consistent with earlier studies ). The profiles of the SGS turbulence energy for the different resolutions are shown in the bottom right panel of figure 1. Since the grid scale decreases as the refinement levels become higher, the expectation based on the Kolmogorov scaling law would be that the SGS turbulence energy decreases toward the center and with the maximal resolution. However, this applies only to homogeneous turbulence. Since turbulence production tends to be stronger in the center of the halo, the resolution-dependence is compensated and yields a nearly constant SGS energy in the central region. The comparable plateaus of the SGS energy for J 32 and J 64 also indicate that the enhancement of SGS turbulence production in the J 64 case compensates the smaller grid scale in comparison to J 32 . The SGS energy has a peak around radii of 5 × 10 21 cm (2 kpc), which coincides with the drop in the temperature profiles. The outward decrease of the SGS energy at larger radii shows that turbulence is mainly produced as a result of the collapse, but not by hydrodynamical instabilities outside of the halo.
Furthermore, comparisons of the morphology of the halo for the three different Jeans resolutions reveal significant differences between the runs with and without SGS model (see figure 2) . This is most obvious from the low-resolution runs that the SGS model is limited by the poorly resolved turbulence. However, we will concentrate on the highest-resolution case for quantitative comparisons in the next section.
Study of different Haloes
Global Dynamics of collapse
We have performed six cosmological simulations for three different haloes (named A, B and C) with a constant strength J 21 = 10 3 of the H 2 photo-dissociating radiation field. The masses of the haloes and their collapse redshifts are listed in table 1. The results obtained from cosmological simulations conducted in this work are presented in the following subsections. The density fluctuations collapse under the gravitational instability as they decouple from the Hubble flow. These small fluctuations merge with each other to form larger haloes in accordance with the standard paradigm of structure formation. In the early phases of the collapse gas falls in the dark matter potentials and gets shock-heated during the nonlinear evolution phase. Gravitational energy of the halo is continuously transferred to kinetic energy of the gas and dark matter during the course of virialization.
Here we report the study of three haloes of different masses but with same Jeans resolution to compute the variation from halo to halo. Again, we compare our results with SGS turbulence model. The averaged density radial profiles for the haloes A, B and C with and without SGS model, centered at the densest cell are shown in the upper left panel of figure 3 . The maximum density in our simulations is a few 10 −11 gcm −3 . It can be seen from the figure that all cases follow almost R −2 behavior which would be expected from a isothermal collapse. There is a bump in the density profile of halo A with SGS turbulence model which is an indication of fragmentation. In the very central region the density profile is flat which corresponds to the local Jeans length in all cases. These density profiles are comparable to the previous studies (Abel et al. 2002; Wise et al. 2008; Turk et al. 2009 Turk et al. , 2012 .
The average radial profile of total energy is shown in the bottom left panel of figure 3 . The total energy of the system is a few times 10 12 erg g −1 for all the cases. The figure shows the total energy for three different halos with and without SGS turbulence is converged. The increase in the total energy radial profile towards the smaller radii is due to gas infall in the center of halo.
The specific subgrid scale energy for the three different halos is shown in the bottom left panel figure 3. At larger radii, the buildup of turbulent energy increases sharply because of the turbulence cascade and then gets saturated at smaller radii due to the enhanced turbulence dissipation rate. This evolution of SGS energy is according to the expectations of large eddy simulations (Maier et al. 2009 ).
Thermodynamics
The thermal evolution of the gas for different halos with same Jeans resolution is shown in the right panel of figure 3 . During the process of virialization, the gas is heated up to its virial temperature (i.e., ≥ 10 4 K) and subsequently cools by Lyman alpha radiation. Consequently, gas collapses almost isothermally with temperatures around 8000 K. The temperature profiles for all the cases with and without SGS turbulence are similar. There is no significant turbulent heating for SGS turbulence cases as seen in Maier et al. (2009) due to highly efficient atomic line cooling at these temperatures. The dissimilarities in the temperature profiles at larger radii appear due to the difference in the halo masses. The ubiquity of intense Lyman Werner radiation photo-dissociates the molecular hydrogen and H 2 cooling remains suppressed. Our results are in agreement with previous studies (Bromm & Loeb 2003; Wise et al. 2008; Latif et al. , 2012 and according to the expectation of theoretical models.
The H 2 abundance is shown in the left panel of figure 4 . It can be noticed that the H 2 fraction increases at lower densities due to the rise in electron abundance during the non-linear phase of the collapse. At intermediate densities, the H 2 abundance becomes constant as gas cools, recombines and remains neutral with a constant temperature around 8000 K. The presence of sharp spikes in the H 2 fraction is due to the shocks occurring at the central densities due to collisional dissociation. In general, the H 2 fraction is lower than the universal value (i.e., 10 −3 ). Therefore, the contribution of H 2 cooling in the thermal evolution of the haloes studied here is negligible.
The electron abundance corresponding to the H 2 fraction is depicted in the right panel of fig 4. It can be seen that the electron abundance is correlated with the H 2 fraction. At densities above 1 cm −3 , the electron fraction increases because of virialization shocks and then continues to decline as gas becomes neutral. Small wiggles in the central electron fraction are triggered by shocks.
Halo structure
The state of the simulations with and without the SGS turbulence at the collapse redshift is illustrated by the density projections in the left panel of figure 5. Significant changes in the morphology of haloes are found in the presence of SGS turbulence in all haloes (i.e., A, B and C). It can be noted that haloes are highly turbulent and clumpy in both cases. These effects were not seen in the earlier studies due to the poor Jeans resolution. Our results confirm that one needs to resolve the Jeans length with at least 32 cells or higher to capture turbulent velocity fluctuations Turk et al. 2012) . Overall, halos in simulations with SGS turbulence are more compact and denser than their counterparts. The latter is expected due to the presence of an additional viscosity term. As demonstrated above, these haloes have a similar thermal evolution but the changes in the morphology arise as a consequence of unresolved subgrid scale energy computed via the SGS turbulence model and show substantial variation from halo to halo. The SGS energy is about 10 % of total energy budget. Its effect is particularly enhanced on small scales, yielding rather different morphologies in the presence of the subgrid-scale model. The structure of the halo "A" without SGS turbulence clearly shows that dense clumps are very well separated from each other and may lead to the formation of a binary in this case. The further evolution of the simulations becomes computationally very demanding as the Jeans mass keeps decreasing. Here, we stopped our simulations after reaching the maximum refinement level. We plan to explore the further evolution of at least one halo in a companion paper.
To determine the presence of turbulent velocity fluctuations, we have computed the fluid vorticity (i.e., ∇ × v). Density weighted projections of the vorticity squared centered at the densest point are depicted in the right panel of figure 5 . In the center of the haloes, large regions with high values of vorticity indicate the ubiquity of high turbulent energy. It is also noted that high values of the vorticity are correlated with the dense regions of the haloes. These vorticity plots further suggest the absence of coherent structures. The amount of vorticity is higher compared to the SGS turbulence cases because of higher turbulent dissipation rates in SGS turbulence cases.
Properties of clumps
In order to quantify the properties of the clumps found during visual inspection, we have employed the clump finder of Williams et al. (1994) . The properties of the clumps with and without SGS turbulence model for three different haloes (A, B and C) with power law fits are shown in figure 6 . The top panel of figure 6 depicts that clumps are not gravitationally bound as their masses are smaller than the Jeans mass and the number of clumps is generally higher in no SGS cases. The ratio of clump mass to Jeans mass shows a power law behavior (i.e., M/M J ∝ M 1.3 ). It is interesting that similar trends have been found in different studies exploring clumps in molecular clouds (Banerjee et al. 2009 ). We find that in simulations with the SGS turbulence model, the clumps have slightly higher masses as shown by the fit (red line in figure 6 ) and the number of low mass clumps is reduced compared to the no SGS cases. This is likely an effect of the turbulent viscosity, which provides an additional diffusion mechanism that counteracts the formation of low-mass clumps. The thermal properties of the clumps are depicted in figure 6 , showing that the clumps in simulations with SGS turbulence have almost the same temperature as those in the standard setup. The density of the clumps plotted against mass shows a bimodal distribution with clumps sitting at higher densities following a linear relation with M. The notable difference is that clumps in SGS turbulence case have higher densities and the power law sharply drops for lower densities. The latter suggests that only the high-mass clumps manage to form in the presence of an additional turbulent viscosity, providing a distribution with more massive clumps on average.
The velocity dispersion in the clumps increases with the mass and follows a M 0.38 power law. Again, it is seen that clumps with SGS turbulence have lower values of dispersion velocity but roughly follow the same trend. The radii of the clumps comply a M 0.8 growth and clumps with SGS turbulence model have larger radii in comparison with no SGS cases. In the last panel of figure 6 , we show that these clumps are well resolved at least by 10 5 cells.
DISCUSSION AND CONCLUSIONS
We have conducted high resolution cosmological simulations using the AMR code Enzo for three different halos with T vir ≥ 10 4 K irradiated by a constant strength of photo-dissociating background UV flux. In one set of simulations, we used the subgrid scale (SGS) turbulence model proposed by and Schmidt & Federrath (2011) to compute the kinetic energy of numerically unresolved turbulence and the associated stresses on resolved length scales. For comparison, we run these simulations also without the SGS model. Since a high dynamical range is crucial, we use two initial nested grids and insert up to 27 additional refinement levels during the course of simulations, corresponding to an effective resolution down to sub AU scales. To investigate resolution effects, we applied refinement at 16, 32 and 64 cells per Jeans length. The results from three haloes with different masses were examined to study the variation from halo to halo for a fixed resolution. The main conclusions from this study are the following:
• The global properties of the halo, in particular the radial profiles, are converged and can be used as a robust input for direct collapse models.
• Turbulent structures are observed for a Jeans resolution of at least ≥ 32 cells.
• The morphology of the halo and its clump properties are strongly influenced by taking into account SGS turbulence and typically more compact.
• The clump properties (i.e., M/M J , velocity dispersion) show a power law behavior against clump masses.
The gas in the atomic cooling halos is heated up to its virial temperature where Lyman alpha cooling comes into play and cools the gas down to 8000 K. The presence of an intense Lyman Werner UV radiation field of 10 3 in units of J 21 photo-dissociates the H 2 molecules via the Solomon process. We employed grid resolutions of 16, 32 and 64 cells per Jeans length to explore the convergence of global properties as well as the local morphology. It is important to note that the radial profiles of density, temperature and total energy are approximately converged, implying more robust results than previously reported for minihalos (Turk et al. 2012 ). We attribute the latter to the thermodynamics of these halos, which are considerably more robust in the presence of strong H 2 photodissociation . In this case, the temperature evolution remains very close to isothermal, making it rather insensitive to local changes in the dynamics. With such a fixed thermal pressure, the resulting evolution during the collapse is therefore considerably more robust. We note that SGS turbulence does not have a strong impact on thermodynamical properties, again as a result of efficient Lyman α cooling. The typical unresolved fraction of the turbulence energy is ≃ 10% of the total energy.
Our results demonstrate with the highest resolution simulations that atomic cooling halos become highly turbulent. We computed the evolution of three different halos and found that the radially averaged properties are very similar for three different halos, but the morphology of the haloes varies considerably. The intense vorticity inside the haloes demonstrates the absence of coherent structures in fully turbulent regions. However, since the non-linear coupling between gravity and turbulence converts gravitational potential energy into kinetic energy, an inertial range of hydrodynamical turbulence can only exist on length scales smaller than the Jeans length. For this reason, a sufficient range of length scales smaller than the Jeans length must be resolved to observe a turbulent cascade with an inertial sub-range of the Kolmogorov type (for low compressibility) in simulations. This pushes numerical simulations to their limits because an extremely high dynamical range is required. In our simulations with 16, 32 and 64 cells per Jeans length, we find significant differences concerning the central morphologies and the amount of turbulent structures. The latter confirms that turbulence is only marginally resolved even at the highest resolution (see also Federrath et al. 2011) . This is also reflected by the radial profiles of the turbulent energy in the simulations with SGS model, for which no clear convergence trend is found. To verify convergence, higher resolution ≥ 64 cells per Jeans length should be performed in the future.
Based on the notion of large eddy simulations, one would naively expect that the application of an SGS model reduces the range of length scales that has to be resolved. However, large eddy simulations are applicable only if the turbulent cascade is partially resolved, i. e., at least by a decade in scale space. On top of that, numerical dissipation typically necessitates an additional decade. In simulations of turbulent collapsing halos, this corresponds to scale separation between the the Jeans length, at which energy is injected by gravity, and the grid scale. Apart from that, lack of local isotropy at low resolutions poses a problem because we use a constant coefficient for the production of SGS turbulence energy by shear. This problem could be addressed, for example, by a localized SGS model with varying coefficients (see ). However, this method has not been applied yet in AMR simulation.
Overall, it is important to note that, while a subgrid-scale model does not yield convergence at low resolution, it certainly does improve the solution once a sufficiently high resolution is reached, such that its central assumptions are fulfilled. In fact, it is clear that direct numerical simulations resolving the turbulence over a sufficient range of scales cannot be pursued in the near future. Obtaining robust astrophysical results therefore requires both high numerical resolution, as well as subgrid models to account for effects still below the grid scale. On the basis of the current simulations, we can already draw relevant conclusions about the effects of numerically unresolved turbulence for the Jeans resolution of 64 cells. By comparing the results with and without SGS cases, it was found that the morphology of the halos obtained in the simulations with SGS model is significantly different from their counterparts. In general, their central gas distributions are denser and more compact compared to the none-SGS cases. The latter provides an indication that larger accretion rates onto the central object can be expected due to the additional turbulent viscosity. In one case, the density structure of the halo shows a bimodal distribution if no SGS model is applied, which might result in the formation of a binary. Such structural implications need to be addressed employing numerical methods like sink particles or a pressure floor. It is thus worth exploring whether statistical differences can also be obtained for gravitationally bound clumps, and how much their accretion is enhanced via turbulent viscosity.
We noticed that structures become compact in the presence of SGS turbulence. This may have important implications for the accretion of mass to the central object, potentially favoring the higher accretion rates. In our simulations, we observed the formation of turbulent structures for resolutions of ≥ 32 cells per Jeans length and no accretion disk at this stage of the collapse. We do not follow the evolution of these haloes for longer dynamical times and therefore cannot make statements about the final fate of these haloes. According to theoretical predictions, it is likely that formation of disk may take place. Numerical investigations of the direct collapse scenario thus need to employ a sufficiently high numerical resolution as well as a turbulence subgrid model to determine realistic accretion rates.
